v' In dogs, while the middle cerebral artery (MCA) was clipped, an apparent ischemia was demonstrated with fluorescein angiography when the dye was injected through the lingual artery, Injection of fluorescein into the femoral artery or perfusion of carbon black particles through the heart demonstrated considerable collateral blood supply to the affected area. Water, sodium, and potassium content of cerebral tissues normally supplied by the occluded artery remained unchanged. At 48 hours after clipping, focal areas of infarction developed in 70% of the animals; edema could then be demonstrated in tissue surrounding the infarction. The collateral blood supply was compromised by subjecting the dogs with clipped MCA to hemorrhagic hypotension for 1 hour. Following restoration of the systemic blood pressure by infusion of the shed blood, an area of ischemia in the territory normally supplied by the clipped artery could be easily demarcated by fluorescein angiography through the femoral and lingual arteries and by carbon perfusion. The involved cerebral cortex tissue showed marked changes that started immediately after restoration of the blood pressure, and which consisted of a fall in percentage dry weight and potassium content and an increase in sodium content. These findings were clearly correlated with gross and histological evidence of massive necrosis and were interpreted as indicating cell death rather than tissue swelling. In the underlying white matter, moderate delayed changes in water and electrolyte content were compatible with the development of vasogenic edema.
A s part of a long-range study of various aspects of cerebral edema, 5,12 15 the effect of ischemia on the distribution of water, sodium, and potassium in brain tissues was investigated in dogs. Earlier studies in cats had shown that contrary to widespread belief, anoxia or hypoxia per se does not induce cerebral edema? ~ The dog was chosen for the investigations on ischemia because fluorescein angiography in that species had been worked out in detail 8 and was readily available for delineation of the areas of the cortex in which blood supply was affected by the experimental procedures.
Several methods of inducing ischemia were tested. Intracarotid injection of homologous clot 7 proved very unreliable in our hands, while that of plastic microspheres, 200 u in diameter, induced multiple minute infarctions in diffuse areas of the brain, so that it was ira-possible to separate normal from affected tissue. The technique finally chosen was clipping of the middle cerebral artery (MCA).
In preliminary experiments 9 with 75% of the animals, focal areas of infarction developed with time in the area of the caudate nucleus, the internal capsule, and, occasionally, in the overlying temporoparietal cortex. Edema could be demonstrated clinically in the surrounding and underlying white matter. In contrast, analysis of large uninfarcted cortical areas, apparently ischemic on the basis of fluorescein angiography via the lingual artery, failed to show any effect of the clipping on water and electrolyte distribution. However, fluorescein angiography through the femoral vein, as well as perfusion of carbon through the heart, demonstrated the existence of considerable collateral blood supply to the affected cortical areas. Only when an animal with occluded MCA was subjected to a period of hypotension could complete ischemia be induced in the area usually supplied by the clipped artery, and then the effects on water and electrolyte content of the affected tissue were immediate and dramatic. The present paper summarizes these investigations.
Method

General Procedure
Adult mongrel dogs, weighing 20 to 26 kg, were anesthetized with pentobarbital sodium (30 mg/kg). The trachea was intubated with an endotracheal tube which was then connected to a Harvard respirator using room air. Cannulae were inserted into both femoral arteries to monitor systemic blood pressure and for blood sampling, and into a femoral vein to administer drugs. The respirator rate and volume were adjusted for each experimental animal on the basis of measurements of pH, pCO2, and pO2 made on arterial blood samples To clip the middle cerebral artery (MCA), a modification of a technique described by Rasmussen 16 was used. The left temporal region was exposed through a coronal incision from the vertex to the left zygomatic arch. The zygoma was resected to allow better access to the base of the skull. The temporal muscle was divided in the plane of the skin incision and retracted. A burr hole in the underlying skull was then enlarged with a rongeur. After a cruciate incision of the dura, the pyriform lobe was gently elevated, exposing the optic nerve and the internal carotid artery and its branches. The proximal portion of the left middle cerebral artery was isolated and clipped with a Heifetz aneurysm clip, as close as possible to its origin from the internal carotid artery. The dura and skin were then closed in layers to cover the craniotomy defect.
Some animals were subsequently subjected to hemorrhagic hypotension. The dogs were placed in a prone position, and the head was fixed in a head holder. One hour after clipping of the MCA, the animal was bled slowly over a period of 30 minutes, until its systemic blood pressure monitored through the cannula in the femoral artery fell to 50 mm Hg. The blood was collected in plastic bags containing citrate-dextrose solution (2.45 gm dextrose, 2.20 gm sodium citrate, and 0.73 gm citric acid per 100 ml).* The average volume of the shed blood was 30 ml/kg. The blood pressure was held constant for 1 hour by further withdrawal or reinfusion of the blood. Thereafter, all the shed blood, diluted by the preservative solution, was reinfused slowly through the cannula in the femoral vein. Blood pressure was considered to be restored to normal when it reached 100 mm Hg, which usually occurred between 20 and 30 minutes after the start of reinfusion.
Blood pressure was monitored throughout the experimental period, and arterial blood samples were taken at intervals for blood gases and electrolyte analysis. To assess the integrity of the blood-brain barrier in a few animals, 20 ml of 0.5% Evans blue were injected intravenously just before the clip was applied. Fluorescein angiography (see below) was carried out at various stages of the procedure and/or during the subsequent survival period. Animals intended for survival of 24 or 48 hours were given chloramphenicol and were observed carefully for signs of neurological damage.
Anesthetized animals were killed at various stages during the procedure and up to 48 hours after the clip had been placed on the MCA, by rapid exsanguination except when perfused with carbon (see below). The brain was removed as rapidly as possible and placed *Citrate-dextrose solution obtained from Abbott Laboratories, North Chicago, Illinois 60064. in a humid chamber. To determine the percentage of dry weight and sodium and potassium content, replicate samples of cerebral cortex and of subcortical white matter were dissected from areas known on the basis of fluorescein angiography (see below) to be in the territory of the clipped artery. Control tissue samples were taken from the contralateral hemisphere.
Fluorescein A ngiography
Fluorescein angiography was carried out as described by Feindel, et al. 6 The hemisphere was widely exposed to allow visualization of surface blood vessels. The dye was injected rapidly either through a fine polyethylene catheter placed in the left lingual artery or through the cannula in the femoral vein. For "lingual" angiography, 1.6 ml of 1% sodium fluorescein were used, while for "femoral" angiography, 4 ml of a 10% solution were injected. Serial photographs of the passage of the dye through the surface vessels of the hemisphere were taken with a motor-driven Nikon camera at intervals of 0.4 seconds, or longer when indicated, starting at the time of the injection.
The area affected by clipping of the MCA and the persistence of the effect were documented in each animal by repeated fluorescein angiography usually starting before the clip was placed and at intervals thereafter until the animal was killed. In animals subjected to hemorrhagic hypotension, angiography was also performed during the hypotensive period and at intervals after restoration of the blood pressure. Repeated angiography results in the accumulation of sufficient dye in the blood to produce a high degree of background fluorescence. This is especially true when large doses are required for injection via the femoral route. For this reason not all the steps in the procedure were followed for both types of angiography in all the animals. Furthermore, once it was established that the effect of the clipping persisted as long as the clip was in place,* in animals which were to be studied at 24 or 48 hours, the clip was put in through a small skull opening. The wide exposure necessary for fluorescein angiography was made at the *In five dogs this finding was confirmed by cerebral arteriography 48 hours after the clipping of the MCA. end of the experimental period and angiography carried out at that time only. However, in every brain which was to be analyzed chemically, angiographic delineation of the area supplied by the clipped artery was obtained. In many experiments, the photographic record of the last lingual angiograph was made on a black and white film, which was immediately developed and available in the laboratory at the time of tissue sampling.
Carbon Perfusion
At each stage of the experimental procedure, a number of animals were perfused with carbon particles to delineate the ischemic area in depth. Anesthetized animals were put on a respirator. The thorax was opened by splitting the sternum. A plastic cannula was inserted into the beating left ventricle, another into the superior vena cava, and the descending aorta was clamped. Carbon suspension (40 u diameter)t was rapidly perfused at 120 mm Hg pressure until a black effluent appeared through the vena cava cannula, usually requiring 750 ml of perfusate. The brain was removed, fixed in 10% formalin, and cut into seven coronal sections. The sections were scored for the percentage of the surface perfused with carbon.
Analytical Procedures
Dry weight of the tissue samples was estimated after drying at 100~ as previously described. 13 Sodium and potassium content of the tissue was measured by a micromodification, TM and of the serum by the standard automated flamephotometer method.$ Arterial pH was measured with the Astrup pH electrode and the oxygen pressure (pO2) and carbon dioxide pressure (pCO2) with the IL model 113S2 pO2 and CO2 electrodes.w The determinations were done at 37~ tCarbon suspension prepared by Pelikan Werke, Hanhover, W. Germany.
SFlamephotometer measurements made with Technicon Autoanalyzer, Technicon Instruments Corporation, Tarrytown, New York. w pH electrode obtained from Radiometer, Copenhagen, Denmark, and IL model 113S2 pO2 and CO2 electrodes made by Instrumentation Laboratories, Inc., Boston, Massachusetts. 
Histological Examination
In a few animals representative of each experimental group, a thin coronal section at the level of the mammillary body was placed in 10% formalin and stained with hematoxylin and eosin for light microscopic examination.
Results
Blood Pressure, Blood Gases and Serum Electrolytes
Clipping of the MCA had no effect on blood pressure, blood gases, and serum electrolytes (Table 1 ). In animals subsequently subjected to a period of hemorrhagic hypotension, there was an immediate slight decrease in pCO~ and, after 1 hour, systemic metabolic acidosis was evident (Table 2) . On restoration of blood pressure by reinfusion of the shed blood, pCO2 returned immediately to normal levels while pH only slowly. These results rule out the possibility that changes in pCO~ are responsible for the abnormal angiography following restoration of the blood pressure, although decreased pCO2 may play some role during the hypotensive period (see below). The fall in serum potassium, not significant statistically because of small numbers of determinations averaged, is unlikely to contribute to changes observed in cerebral tissues.
Fluorescein A ngiography
Typical results of repeated fluorescein angiography are presented in Fig. 1 . It will be seen that following clipping of MCA a definite area of nonfilling was delineated when the dye was injected into the lingual artery. This area remained essentially the same throughout the period of observation except that at 21 hours a small area was visualized that earlier did not fill with dye. However, there was still a large area of the exposed cortex in which no dye appeared. The actual area affected by the clipping varied from animal to animal and small shifts in the borderline between apparently ischemic and nonischemic areas occurred on repeated injections of fluorescein. However, in all experiments, the tissues taken for chemical analysis and labelled as ischemic were removed from the continuously nonfilling a r e a s .
In Fig. 2 , results are presented from two representative experiments in which fluorescein angiography was done only after the clip had been in place for 24 and 48 hours respectively. In both, when fluorescein was injected into the lingual artery in large areas of the cortex, blood vessels failed to fill with the dye (Fig. 2 B and D tion of fluorescein into the femoral vein, cerebral vessels were visualized throughout the territory usually supplied by the clipped artery ( Fig. 2 E, F, and Fig. 3 B) . The filling was delayed and initially rather patchy, but it was clear that the collateral blood supply to the areas apparently ischemic, on the basis of "lingual" fluorescein angiography, was considerable and obviously sufficient to maintain normal water and electrolyte distribution (see below).
To induce a more drastic impairment of the blood supply, the collateral circulation had to be compromised. After some preliminary trials, the following procedure was developed. The MCA was clipped as before. One hour later systemic blood pressure (BP) was lowered to 50 mm Hg by bleeding. Following 1 hour of hemorrhagic hypotension BP was returned to normal by reinfusion of the shed blood (for details, see Methods).
Since the results of fluorescein angiography were more variable during the period of hypotension than after simple clipping of the MCA, and were usually quite abnormal on restoration of the systemic blood pressure, a scale of rating of the angiograms was developed as follows: 5 = normal, complete filling 4 = delayed, patchy, but finally total filling (as in Fig. 2 E and F) 3 = delayed patchy, finally incomplete filling (as in Fig. 3 C and D) 2 = definite area ofnonfilling (as in Figs. I B-F, 2 B and D, and 3 A) 1 = enlarged area of nonfilling 0 = no filling or totally abnormal angiogram (as in Fig. 3 E and F) .
Results of all the angiograms are summarized in Table 3 and those of a representative experiment are shown in Fig. 3 .
The typical difference between "lingual" and "femoral" angiography after clipping of the MCA is well illustrated in Fig. 3 A and B. This difference was usually no longer evident when ftuorescein was injected during the period of hypotension. At that stage the ratings on the two types of angiograms overlapped (see Table 3 ) with a tendency of large vessels to be visualized and the filling of the capillaries appearing to be incomplete by both routes of injection of the dye. Within l hour of restoration of blood pressure, fluorescein injected into the lingual artery failed to show on angiography of the territory of the clipped MCA while injection of the dye into the femoral artery resulted in a grossly abnormal angiogram. The Cortex became fluorescent diffusely, but the dye appeared not to be intravascular (compare Fig. 3 B and E). To clarify the ambiguities of these very abnormal angiograms, carbon perfusions were carried out at the various stages of the experimental procedure.
Carbon Perfusion
Results of all the carbon perfusions are summarized in Table 4 , and representative sections of brains from perfused animals are shown in Fig, 4 .
No difference from normal was found when carbon perfusion was carried out in animals with clipped MCA, alone or in combination with clipping of the anterior cerebral artery (ACA), the internal carotid artery (ICA) or the vertebral artery (VA) on the same side as the MCA. At 48 hours after clipping the MCA (Fig. 4 C) , an infarct can be seen in the deep part of the MCA territory and some traumatic changes in the neighborhood of the clip, but the cortical vessels are homogeneously filled with carbon particles. In sharp contrast, in all animals subjected to hemorrhagic hypotension, following clipping of the MCA, the blood vessels in the affected territory did not fill with carbon particles after the restoration of the blood pressure to normal levels (Fig. 4 D, E, F) and this effect persisted up to 24 hours, the longest time the animals were allowed to survive. The areas of nonfilling were clearly demarcated and easily recognized in both the fixed brains and in color photographs. They were always restricted to the territory of the clipped artery. They were assessed as to their extent by cutting the brains into seven standard coronal sections and determining in how many sections nonfilling was present. The maximum area of nonfilling was measured in the section most affected and expressed as a per cent of the total area of the hemisphere in that section. It is clear from Table 4 .6 blood pressure *5 = normal, complete filling, 4 = delayed, patchy, but finally total filling (as in Fig. 2 E and F) , 3 = delayed patchy, finally incompIete filling (as ia Fig. 3 C and D) , 2 = definite area of nonfilling (as in Figs. 1 B-F, 2 B and D, and 3 A), 1 = enlarged area of nonfilling, 0= no filling or totally abnormal angiogram (as in Fig. 3 
E and F).
tTime after injection at which maximum filling of capillaries occurred as judged by inspection of the photographic record of passage of dye. The results of carbon perfusion during the period of hypotension are equivocal. In the one successful perfusion during the hypotensive period, listed in Table 4 , the territory of the clipped MCA was clearly demarcated as nonfilling with carbon. However, efforts to confirm this finding in other experiments failed, as the animals went into shock when the procedure was attempted, and died before the perfusion could be completed.
Clinical and Pathological Findings
The clipping of the MCA produced variable degrees of neurological symptoms in different animals (Table 5) . At 24 hours after the clipping, only one of five dogs showed severe hemiplegia on the contralateral side. By 48 hours, eight of 11 dogs had circling movements toward the side of the occlusion and moderate hemiparesis. In contrast, two of the animals also subjected to hemorrhagic hypotension died within the first 24 hours, while the remaining five had severe hemiplegia and were semicomatose, or were comatose.
Grossly, the brains of all animals at 3 to 4 hours after the MCA was clipped, and most of those killed at 24 hours, appeared normal. By 48 hours after the clipping in over 70% of the brains (8 of 11) there were focal areas of necrosis, hemorrhage and blue staining (if Evan's Blue had been injected) in the anterior portion of the caudate nucleus, the internal capsule, and, occasionally, in the overlying temporoparietal cortex. When the animals were also subjected to hemorrhagic hypotension and killed up to 5 hours later, no infarcts were found, but the cortical surface in the territory of the occluded artery was clearly demarcated by its pallor. In all animals killed 24 hours after clipping of the MCA and a
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Fw,. 5. Coronal section of unfixed dog brain 24 hours after restoration of blood pressure to normal following 1 hour of hypotension superimposed on occlusion of middle cerebral artery. Note obvious necrosis in the territory of the clipped artery and grossly visible edema in the underlying white matter. subsequent period of hypotension, an area of necrosis was grossly evident in the territory of the clipped artery. There was also some hemorrhage and gross edema in the underlying white matter. A coronal section through one such brain is shown in Fig. 5 .
In general, there was reasonable correlation between the size of the infarct and the neurological state of the animal (see Table 5 ).
The routine histological sections stained with hematoxylin-eosin showed pallor in the area of the clipped artery as early as 1 hour after the period of hypotension (Fig. 6 A) . At 5 hours this pallor was even more marked (Fig. 6 B) .
Water and Electrolyte Content
Results presented in Table 6 show that in the absence of infarction at no time after the clipping of the MCA in dogs was there any change in the water, sodium, and potassium content of the cerebral cortex and the underlying white matter in the territory of the occluded artery. Changes demonstrable in tissues surrounding an infarct (labelled "perinecrotic") were characteristic of vasogenic edema. TM They consisted of a sharp decrease in dry weight percentage of white matter, with a decrease in potassium and a rise in sodium content. In cerebral cortex, these changes were less marked, particularly with respect to water content.
The results were quite different when animals with clipped MCA were subjected to hemorrhagic hypotension for 1 hour (Table  7) . At the end of the hypotensive period, there was still no change in water and electrolyte content of the affected cerebral tissues. However, 30 minutes after the blood pressure was restored to a normal level, a statistically significant decrease in the dry weight of the cerebral cortex was demonstrated in the territory of the clipped artery, and there was a further decrease with time. Even at 30 minutes, the change in the dry weight of the cerebral cortex was greater than that found in vasogenic edema? 1 The accompanying changes in sodium and potassium were also extensive. Within 24 hours the sodium content of the cortical tissue approached that of the plasma. The fall in potassium in cerebral cortex represented a net loss from the normal level of 5l 1 mEq/kg dry weight at the end of the period ofhypotension to 300 mEq and 187 mEq after 5 and 24 hours of restoration of blood pressure respectively. In contrast, in In the present e x p e r i m e n t s , both fluorescein a n g i o g r a p h y through the f e m o r a l r o u t e and c a r b o n perfusion showed that these areas were u n i f o r m l y supplied, despite the a p p a r e n t total i s c h e m i a when the dye was injected t h r o u g h the lingual artery.
Effects of the occlusion of the M C A in different species vary, d e p e n d i n g on the degree of i s c h e m i a induced, and a n a t o m i c a l When the collateral blood supply to the territory of the clipped artery was compromised by a period of hemorrhagic hypotension, rapid changes in water, sodium, and potassium in the affected cerebral cortex occurred as soon as the blood pressure was restored to normal, but never during the systemic hypotension. They were much more extensive than those seen in the cortex surrounding a freezing lesion H,~3,14 or in osmotically induced cerebral swelling, n,15 In view of the histological changes demonstrable within 1 hour of restoration of the blood pressure, and the gross appearance of the brains 24 hours later, we consider that these chemical changes in the cortex represent cell death to a greater extent than tissue swelling. They probably reflect net loss of tissue constituents including intracellular potassium superimposed on some net gain of fluid. In contrast, the findings in subcortical white matter are compatible with gradual development of vasogenic edema defined as an increase in tissue volume due to the uptake of high-sodium, low-potassium fluid derived, in the presence of damage to cerebral vasculature, from the plasma.
On the basis of these studies, we conclude that, in the dog, decreasing cerebral blood flow by clipping of the MCA (decrease of about 50% at most) does not induce a redistribution of water and electrolytes in the affected tissue. On the other hand, irreversible impairment of the cerebral circulation, achieved in our model when a period of hypotension was superimposed on occlusion of the MCA, results in irreversible interference with water and electrolyte distribution in the cortex. However, these changes should not be interpreted as necessarily indicating the presence of edema only. There may be some tissue swelling, but the process appears to be primarily one of massive necrosis.
The question remains whether ischemia, more pronounced than that induced by clipping of the supplying artery in the dog, but not as complete as that obtained with hypotension in our model, would induce reversible edematous changes in the cortex. Results comparable to ours were obtained in two monkeys killed 5 hours following 60 minutes of unilateral occlusion of the common carotid artery under conditions in which collateral circulation was eliminated 2~ and in baboons in which severe ischemic anoxia was induced by occlusion of both carotid and both vertebral arteries for 10 minutes. 18 In view of the similarity of these results to ours, it is of interest that in contrast to our open skull preparation, closed skull preparations were used in both of the studies quoted. On the other hand, in other baboons of the series referred to above, in which about 10% of normal blood flow persisted, a reversible increase in intracranial pressure was demonstrated ? 8 To what extent a reversible increase in tissue water contributed to this transient brain "swelling" remains undetermined.
In contrast to these findings, in the cat 2 hours after occlusion of the MCA, with the cerebral blood flow decreased by about 50%, increases in water content of both white matter and cerebral cortex have been reported. 2 It is beyond the scope of the present discussion to consider in detail mechanisms which may be responsible for the apparently complete shutdown of the cerebral circulation in our rather complex experimental situation in which hemorrhagic hypotension is superimposed on occlusion of the MCA. However, it should be pointed out that our data fit very well with the so-called "no reflow phenomenon" hypothesis in which it was postulated that ischemia becomes irreversible when vascular lesions develop which prevent re-perfusion of the ischemic area and ultimately lead to cellular death in the affected tissue? ,3,4 At which stage these lesions developed in our experiments is not clear. In one successful carbon perfusion during the period of hypotension the nonfilling areas were apparent, yet the water and electrolyte distribution were normal in all three brains analyzed before restoration of the systemic blood pressure to normal levels. On the other hand, changes in water and electrolytes were uniformly found within 30 minutes of ter-ruination of hypotension and areas of nonfilling were demonstrated in all animals perfused with carbon 60 minutes after the blood pressure was returned to normal.
